This work describes for the first time the room-temperature synthesis of a high surface area Ni 0.7 Zn 0.3 O solid solution by sacrificial template accelerated hydrolysis. The synthesis employs a highly polar ZnO template supported on the surface of a stainless steel wire mesh (SSWM) that allows the material to be produced in a monolithic configuration. The resulting material has a large surface area of around 100 m 2 g -1 and is obtained in a yield of up to 40 wt.% on the SSWM in the synthesis conditions employed in this work. Characterization of the material by TPR, XRD and XPS revealed that the solid solution is composed of an oxygen-defective bulk and a partially oxidized surface.
Introduction
Nowadays the number of catalysts being designed and developed by research groups at public institutions and private companies is so high that it is becoming more and more difficult to find new active formulae that have never been tested before in a catalytic process. What is more, the simpler the chemical formulation of the catalyst is (mono or bimetallic oxides), the harder the task. One of the formulations that has not yet been tested is the solid solution Ni 0.7 Zn 0.3 O. The ability of zinc to dissolve in the NiO rocksalt lattice was recognized long ago [1, 2] . ZnO has a propensity to lose surface oxygen when heated in air, leaving excess zinc atoms behind that diffuse into interstitial positions of the lattice in order to preserve the electrostatic balance [2] . Conversely, when heated in air NiO takes up excess oxygen, as a result of which cation vacancies appear by the migration of nickel ions to the surface [2] . When both oxides are heated together, these complementary trends explain why zinc atoms dissolve into the NiO crystal. The solubility limit below which the rocksalt crystal structure of NiO is preserved lies in the range 0.3-0.4 (Zn/(Zn+Ni) molar ratio) [1, 2] . For higher fractions of zinc the wurtzite structure of ZnO appears on the XRD plots [3] . Auger parameter analysis indicates that the zinc has the octahedral coordination typical of a rocksalt structure [3] . This coordination is unusual for Zn 2+ , which prefers a tetrahedral coordination, as in the wurtzite structure of ZnO. The presence of Zn in the crystal lattice of NiO can be expected to affect its magnetic and electronic properties. NiO is antiferromagnetic and the interstitial presence of Zn atoms provokes a decrease in the Néel temperature, from 523 K (NiO) to 312 K (Ni 0.7 Zn 0.3 O) [4] . Similarly, the catalytic properties of Ni 0.7 Zn 0.3 O might also be expected to differ from those of NiO.
In line with this reasoning it seems clear that Ni 0.7 Zn 0.3 O must be prepared through a thermal process under air in order to create the necessary vacancies to provoke the migration of zinc cations towards the crystal structure of NiO (pulsed laser deposition also allows films of Ni 0.7 Zn 0.3 O to be grown [5] ). A temperature of at least 500°C is thought to be required for the incorporation of zinc into the rocksalt structure of NiO [6] . This specificity is a drawback for the synthesis of materials with a high surface area, a property that is generally desired when designing catalysts, and may explain why this material has never been tested as a catalyst. CVD [7] , solvothermal alcoholysis [8, 9] or co-precipitation [10] allows the formation of nickel-doped ZnO (Zn 1-x Ni x O) as nanowire arrays, but with low contents of nickel (x≤~0.2) and the retention of the wurtzite structure of ZnO. Equimolar ZnO-NiO mixtures in which both phases are preserved in the final nanocomposite have also been prepared by co-precipitation/co-gel formation techniques, and tested for the photocatalytic decolourization of dyes [11] .
However, to date no low temperature synthesis method of a Ni 0.7 Zn 0.3 O solid solution has been reported in the literature and this material has never been tested as a catalyst.
To the best of our knowledge, this solid solution has only been tested for its photoluminiscence [12] or electroluminiscence [5] properties.
In this work we report for the first time the room-temperature synthesis of a high surface area Ni 0.7 Zn 0. catalysts have been demonstrated in recent years by our group to be very promising structured catalytic systems [13] [14] [15] [16] [17] [18] . We recently demonstrated the potential of the STAH technique to produce high surface area metal oxides using highly polar ZnO templates [19] . In that work we reported that weakly acidic cations (pKa values below around -9.5, such as Ni 2+ ) could only produce mixed oxides when deposited over a polar ZnO template, unlike the pure NiO obtained with non-polar ZnO nanowires [20, 21] . As will be discussed below it is the difference in local Zn 2+ concentrations that appears to be the key to obtaining different products with both templates. The combination of a cheap and versatile support, such as SSWM, with a simple synthesis method, such as STAH, may lead to a process that is expected to be easily scalable and cost competitive for commercial applications.
To our knowledge the solid solution Ni 0.7 Zn 0.3 O has never been tested in any catalytic process. In this study we analyzed it for the production of hydrogen via methanol steam reforming and methanol decomposition. These endothermic reactions are both possible routes for producing hydrogen on board fuel cell-based electric cars. Compared to methanol decomposition, methanol steam reforming requires a substantially higher amount of heat to vaporize the reactants, conduct the reaction, and compensate for heat loss from the reactor and the effluent streams. It is therefore more applicable in large-scale systems, where volumetric heat loss is lower than in small-scale devices [22] . For the decomposition of methanol, the heat for the reaction can be obtained by burning the carbon monoxide released, either in a preferential oxidation step or after it has been separated from the hydrogen stream in a catalytic membrane reactor [22] .
Decomposed methanol can also be used as a source of synthesis gas for a number of chemical processes. The SSWM-supported metal oxide catalysts are ideal for use in micro-reactors for the generation of hydrogen by methanol decomposition, as has recently been reported with cobalt-based catalysts [14] . Nickel-based catalysts have also been successfully tested in this reaction [23] [24] [25] [26] . In this work we show that a high surface area nickel-zinc solid solution may also be an interesting contender for onboard hydrogen production.
Experimental

Material preparation
All chemical reagents were of analytical grade and so were not subjected to additional purification. All of the aqueous solutions were prepared with deionised water. The support was a SSWM [with a 30 μm wire diameter and a 40 μm screen opening]
provided by CISA Cedacería Industrial (www.cisa.net). The SSWM-supported polar
ZnO with a yield of ~20 wt.% was synthesized as described in [18, 19] . In this standard procedure, zinc acetate dihydrate was dissolved together with urea in deionized water. A Zn 2+ concentration of 0.05M was used in the aqueous solution, with an urea/Zn 2+ molar ratio of 20. The pH of the solution was adjusted to 4.88 by using acetic acid. The wire mesh was placed in a Teflon autoclave (100 ml) filled with the growth solution. The autoclave was sealed and hydrothermal ZnO growth was allowed to proceed at 80°C for 23 h in a constant-temperature water bath. The ZnO coated-wire mesh was then taken out of the solution, thoroughly washed with deionised water and vacuum-dried at 60°C.
Finally the sample was calcined at 210°C for 0.5 h in air.
In order to obtain samples with different ZnO yields, the standard method was modified by introducing changes in the synthesis temperature (60-90°C) and in the Zn was performed using the SSWM-Z20 template.
In some specific cases the ZnO phase remaining after the synthesis procedure was analyzed with the help of previous calibration steps, whereas the evolution of formaldehyde, dimethyl-ether (DME) and methyl-formate (MF) was tracked from the changes in the mass intensities of fragments 60 (MF), 46 (DME) and the ratio of the intensities of the fragments 30 to 31 (formaldehyde). This procedure allowed an accurate assessment of the carbon-products formed during the reaction different from CO, CO 2 and CH 4 .
The methanol conversion parameter (X MeOH ; %) represents the percentage of methanol converted during the process taking into account the difference between the total flow rates at the outlet and the inlet of the reactor (F out and F in , respectively, in mL min -1 ): (2) or, alternatively, for the case discussed below, as follows:
where parameters A i and B i are evaluated from the following expressions:
In these equations, C out i (i: CO, CO 2 , CH 4 , H 2 O) corresponds to the outlet concentration of i species, while C in i corresponds to its concentration (vol. %) in the inlet gas stream. Parameters ν and ρ are the number of carbon and oxygen atoms, respectively, of a carbon-containing molecule C ν H μ O ρ that may be formed during the process, apart from CO, CO 2 or CH 4 , assuming that only one type of molecule will be formed. Thus, if this molecule is formed, F out /F in must be calculated by means of equation (2), whereas, in the absence of this molecule, any of the equations in (3) may be used. The concentration of this molecule (the presence of which can be detected by the mass spectrometer but not quantitatively evaluated) can be determined by means of the following equation:
In this way, both the variation in the flow rate as a consequence of the reaction (the importance of which was underlined in a previous work [27] ) and the formation of a species not quantified but detected by the analytical system can be considered when calculating of the methanol conversion via equation (1).
The hydrogen yield, which depends on the type of reaction being analysed, can be evaluated from:
where F out H2 is the hydrogen flow rate at the outlet of the reactor and parameter α takes the value of 3 in the MSR reaction (CH 3 OH + H 2 O → CO 2 + 3H 2 ) and 2 in the MD reaction (CH 3 OH → CO + 2H 2 ).
Finally, carbon selectivity towards the different carbon-containing species can be evaluated as follows:
The thermal conversion of methanol in the analyzed temperature range was not detected 
Discussion of results
Optimization of the ZnO yield in the templates
The SSWM-ZnO template prepared according to the standard procedure described in the Experimental section is composed of arrays of ZnO nanosheets forming a layer with a thickness of ~13 m that covers the SSWM surface (SEM images in Figure 1 ), show good adhesion to the support and have a large proportion of polar surfaces [19] . The ZnO on the SSWM has a yield of ~20 wt.%, a BET specific surface area of between 60 and 80 m 2 g -1 (on a ZnO mass basis) and a crystal size of d XRD =~13 nm. A preliminary step for maximizing the ZnO yield in the SSWM-ZnO supported template was performed by varying the synthesis temperature and the precursor (zinc acetate)
concentration. Figure 1a shows the optimum synthesis temperature to be 80°C, as in the original procedure described in the Experimental section. At this temperature, an increase in the precursor concentration produced a concomitant increase in the ZnO yield, up to values of over 40 wt.% within the concentration range analysed (Fig. 1b) .
The specific surface area of ZnO in the materials obtained was maintained regardless of the value of the ZnO yield. The templates outlined in Fig. 1b Since all the preparations were performed at room temperature and ambient pressure, the main substitution parameters used when applying the STAH method with the polar SSWM-Z20 template were (i) the aqueous nickel ion to zinc molar ratio (R Ni/Zn ) and (ii) the substitution time (t S ). Using nickel acetate solutions our objective was to prepare the pure metal oxide, as we did with iron, titanium, cerium and copper oxides in [19] . ions) [28, 29] , the peak at 285°C to easily reducible surface Ni 2+ (that which was originally present and that which originated from the reduction of Ni 3+ ) and the high temperature peak is ascribed to bulk Ni 2+ [30] . Zn 2+ is not reducible in this temperature range, as confirmed by the TPR analysis of the SSWM-Z20 template. The peak distribution shown in Figure 4 corresponds to the reduction of a species with the chemical formula Zn As occurred with most of the metal oxides synthesized in a previous work [19] , the specific surface area increases with the degree of nickel substitution up to values of around 100 m 2 g -1 for the fully developed solid solution.
XPS was also used to gain a better insight into the structure of the solid solution. Figure 5 shows the Ni2p3/2 spectra obtained for the washed sample by using Mg-Kα and Al-Kα radiation sources. The deconvolution parameters obtained for this and the rest of the XPS regions analyzed are indicated in Table 1 . As can be seen, the main peaks are located at around 852.9-853.3 eV (#1), 854.3-854.7 eV (#2) and 856.2-856.5
eV (#3). Peak #2 at ~854.5 eV, which is close to what one would expect for NiO [29] [30] [31] , is ascribed to octahedral Ni 2+ forming part of the external surface of the particles. This is corroborated by the different area ratio values for the main peaks (#1/#2) obtained with both X-ray sources ( Figure 5 ). The lower relative area of peak #2 was obtained from the Al source, indicating that the species that gave rise to this peak was more concentrated on the external surface of the particles. Peak #3 at ~856.4 eV is attributed to the Ni 3+ species [29, 32] , which were also detected by TPR (Figure 4 ), while peaks #4 and #5 are satellite peaks.
The O1s spectra ( Figure 6 ) corroborate the results reported above; peak #2 located at 530.6 eV is ascribed to oxygen linked to octahedral Ni 2+ [32, 33] , which is more concentrated at the surface of the particles than inside the bulk (the #2/#1 peak area ratio decreases when using the Al radiation source), whereas peak #3 at ~536.7 eV is attributed to non-stoichiometric oxygen linked to Ni 3+ cations [32, 33] .
Finally, the Zn2p spectrum ( Figure 7) shows two main peaks at 1020.2 and 1043.3 eV (peaks #1 and #4) and two small peaks located at 1022.5 and 1044.5 eV (peaks #2 and #5 in Figure 7 ). Octahedral Zn 2+ in Ni 0.7 Zn 0.3 O obtained at high temperature has a binding energy in the Zn2p3/2 region of 1021.6 eV [3] , for an assumed binding energy of the associated oxygen in the O1s region of 529.5 eV [3] . On the other hand, tetrahedral ZnO has binding energies of 1022.6 eV (Zn2p3/2), 1045.6 eV (Zn2p1/2) and 530.0 eV (O1s) [34] . It seems clear that the small peaks #2 and #5 ( Figure 7 ) must be attributed to residual zincite (tetrahedral ZnO), but the low binding energy peaks cannot be ascribed to fully coordinated octahedral Zn 2+ .
A feature common to the spectra in Figures 5, 6 and 7, and rarely mentioned in the literature, is the presence of low binding energy peaks with no obvious assignation, i.e., those indicated by arrows in the figures. Peak #1 in the Ni2p3/2 spectra (852.9-853.3 eV) cannot be ascribed to metallic Ni, which has a lower binding energy [31, 35] . De Jesús et al. [36] detected this peak in nickel oxide films oxidized at room temperature while they were being subjected to argon ion bombardment. The O1s peak for the same sample was 529.1 eV [36] , which is also very similar to peak #1 in the O1s spectra in regions, similar to peaks #1 in Figures 6 and 7 , which, on the basis of previously published reports, they also attributed to a greater number of zinc atoms being bound to oxygen. These data support the hypothesis of a bulk rocksalt crystal structure with oxygen vacancies, in which most of the octahedral Zn 2+ cations (peak #1 in Figure 7 holds most of the area of the Zn2p3/2 region) and part of the Ni 2+ cations are in a slightly reduced state. An ideal representation of this structure is shown as an inset in the experiments the same gas hourly space velocity (GHSV) was kept constant. Because three catalysts with different active phase yields were used, it was possible to study the effect of the changes in weight hourly space velocity (WHSV) on the reactions. The pure SSWM-supported ZnO catalyst was found to be almost inactive in the tested processes. As an example, the reaction rate constant for methanol decomposition of SSWM-supported ZnO was found to be two orders of magnitude lower than that of the Ni 0.7 Zn 0.3 O-based catalysts. Figure 9 offers the variation of reaction temperature, methanol conversion (eq. 1) and hydrogen yield (eq. 11) with time for the SSWM-Ni35 catalyst tested in the methanol steam reforming reaction (MSR) and in the methanol decomposition reaction (MD).
The same experimental sequence was used for testing the rest of catalysts. The conversion points displayed in the ensuing figures are those corresponding to the end of each isothermal stage (i.e., diamonds in the MSR curves of Figure 9 ). The catalyst shows a good stability in the steam reforming reaction and a certain degree of deactivation in the methanol decomposition reaction, the cause of which will be discussed below. and methanol conversion is the carbon selectivity. As can be seen in Figure 11 , the carbon selectivity towards CO (methanol decomposition reaction:
is high at temperatures below 400°C, but it decreases in favour of the carbon selectivity towards CO 2 at increasing reaction temperatures and decreasing WHSV values. Thus the methanol decomposition reaction is favoured over the water gas shift reaction (CO+H 2 O↔CO 2 +H 2 ) at high values of weight hourly space velocity and low temperatures. This suggests that the steam reforming process needs longer contact times and/or higher steam pressures for the water gas shift reaction to proceed to the right, which causes the H 2 yield and the carbon selectivity towards CO 2 to increase. The longer contact time can be tested by increasing the gas hourly space velocity. This can be easily done in view of the modularity of the monolithic SSWM-supported catalysts.
At temperatures over 400°C the carbon selectivity towards CO seems to have a bottom limit of around 42% at the GHSV tested in this work, probably due to thermodynamic constrains. Therefore, the temperature zone between 350 and 400°C seems in principle to be the most appropriate range for investigating the effect of the GHSV and/or the steam pressure on the carbon selectivity towards CO 2 , considering that at higher temperatures carbon selectivity towards methane, though low, starts to become noticeable, especially at the lowest WGSV, something which was recognized long ago in methanol decomposition reactions over nickel-based catalysts [39] . However, this issue will be addressed in more detail in a future work on a micro-reactor specifically designed for this type of monolithic catalysts. The analytical system also detected some traces of dimethyl-ether that decreased with a rise in temperature. Application of equation (10) yielded concentration values for this compound very close to zero.
It is evident from the results discussed above that the tested catalysts are active in the methanol decomposition reaction over the temperature range analyzed. This reaction was studied in separate experiments, as pointed out in the Experimental section, the results of which are shown in Figures 12 and 13 . Figure 12a shows the variation in methanol conversion and hydrogen yield for the different catalysts after 10 hours of reaction at the given temperatures. Both curves are similar, which is a clear indication of the high carbon selectivity towards carbon monoxide, over 97% for all catalysts in the range of temperatures analyzed. At the highest temperatures a small amount of methane was detected (S C CH4 <2%), as a result of the methanation reaction (CO+3H 2 ↔CH 4 +H 2 O) [40] . At some low temperatures the hydrogen yield was slightly higher than the methanol conversion, due to the experimental error of the analytical method. As expected, the methanol conversion increases at lower values of WHSV. In all the experiments, the values of methanol conversion collected at increasing temperatures are higher than those obtained in the subsequent sequence at decreasing temperatures, as exemplified by the data for SSWM-Ni40 in Figure 12a . A similar trend was observed for the hydrogen yield in the methanol steam reforming reaction (Figure 10 ), once the onset of nickel reduction was surpassed (T>330°C); in this case it is probably due to a higher reduction degree of the catalyst surface leading to an increase in the carbon selectivity to CO in the sequence at decreasing temperatures ( Figure 11 ) and not to catalyst deactivation. As can be seen in Figure 12a , the onset of nickel oxide reduction occurs at a rather lower temperature in the absence of steam (~250°C). The lower conversion degrees in the sequence of decreasing temperatures are due in this case to gradual deactivation of the catalysts during the experimental sequence (MD curves in Figure 9 ) as a consequence of coke deposits. This is inferred from the low, though conspicuous, values of carbon selectivity towards CO 2 , plotted in Figures 12b to 12d for values of methanol conversion of over 15%. CO 2 is formed on reduced nickel centres via the Boudouard equilibrium (2CO↔C+CO 2 ) [40] . As can be observed in the figures, the amount of CO 2 released increases with the temperature and as the reaction proceeds, the latter being a consequence of the greater availability of reduced nickel centres.
To calculate the methanol decomposition constant, the more conservative values of the sequence at decreasing temperatures were used. Figure 13 shows an Arrhenius plot with the k md values obtained for the different catalysts (eq. 16). This is an intrinsic constant that should be independent of the active phase yield or WGHV. However, Figure 13 shows that there is a slight dependence of catalytic performance on these variables. The mol g -1 Pa -1 ) reported in Figure 13 , although affected to some extent by partial catalyst deactivation, when included into the ranking scale established by Marbán et al. [14] show these catalysts to be among the most active ever synthesized for methanol decomposition.
Conclusions
We have demonstrated in this work the feasibility of synthesizing a high surface area c Figure 12 1.E-10
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